abstract: Adult epicuticular hydrocarbon variation of 14 geographically isolated populations of cactophilic Drosophila mojavensis was assessed to further investigate mechanisms of sexual isolation. Hydrocarbon transfer experiments demonstrated that these compounds are part of the mate recognition system in this species. Sixteen of the 23 epicuticular hydrocarbon components studied differed in amounts between males and females, and 13 differed in quantity between the geographic regions encompassing Baja California and mainland Mexico (Sonora and Sinaloa). Eight hydrocarbon components, seven of which differed in quantity between sexes, showed significant sex-by-region interactions, indicating region-specific sex reversals in hydrocarbon quantities. Such regional variation in epicuticular hydrocarbon profiles suggests that these hydrocarbon differences have also evolved in D. mojavensis since this species invaded mainland Sonora and Sinaloa from Baja California by switching host plants, in addition to a number of key genetic, behavioral, and lifehistory characters.
Divergence in mate recognition systems may result in the origins of reproductive isolation in populations leading to species formation (Carson 1986; Ryan and Rand 1993; Noor 1996; Saetre et al. 1997; Blows and Allen 1998; Price 1998; Ritchie et al. 1998) . Dobzhansky (1940) and Mayr (1963) realized that the formation of both premating and postmating isolating barriers could serve to separate gene pools among groups, leading to a long series of studies emphasizing the roles of these barriers. However, modifications of breeding systems that give rise to disassortative mating on secondary contact are not well understood. Without knowledge of population history (Cracraft 1989) and the role of sexual selection, relying on isolating barriers to understand reproductive isolation may contribute to an incomplete understanding of the speciation process. Paterson (1993) defined species on the basis of individual mate recognition systems that would serve to provide cohesion to a breeding unit preserved by strong stabilizing selection. Carson (1978) emphasized the role of mate recognition systems formed by coadaptation of male-female signaling systems caused by sexual selection as a mechanism of speciation in animals. By de-emphasizing isolating barriers in the study of speciation processes, Carson suggested that interactions between potential mates within demes must be the driving force of sexual selection with only secondary consequences for reproductive isolation, consistent with Paterson's species model. Thus, sexual selection within demes becomes a primary mechanism for speciation.
There is currently little agreement on the relationship between intraspecific mate recognition systems and species recognition systems. Sexual selection can lead to accelerated diversification in mating preferences within (Turner and Burrows 1995) and between populations (Lande 1981; Lande and Kirkpatrick 1988; Schluter and Price 1993; Turner and Burrows 1995) . If intrademic mate recognition systems are the same as species recognition systems (Ewing and Miyan 1986; Ryan and Rand 1993; Endler and Houde 1995; Saetre et al. 1997; Blows and Allen 1998) , then divergence in signaling systems leading to premating isolation among geographically isolated populations within a species can be considered an evolutionary continuum. If not, studies of local sexual selection may tell us very little about mechanisms of species recognition or how to mea-sure it. Based on extensive experience with the elaborate mating systems in Hawaiian Drosophila species, Carson remarked, "After struggling with problems of Drosophila sexual behavior for years and years, I have come to the conclusion that isolation experiments between strains is so confounded by unknown and uncontrolled sexual selection as to be virtually meaningless" (H. L. Carson, personal communication) . Boake et al. (1997) have shown that broad-headed Drosophila heteroneura males are preferred by conspecific females during courtship, but this character plays little role in sexual isolation with Drosophila sylvestris, a close relative with which it can hybridize (Carson et al. 1989) . Thus, there is empirical support for Carson's contention.
The focus of this study is to characterize systematically the degree of variation in epicuticular hydrocarbons, a component of the recognition system in many Drosophila species, among geographically isolated populations of cactophilic Drosophila mojavensis. Behavioral isolation between populations has been extensively studied (Zouros and d'Entremont 1974, 1980; Wasserman and Koepfer 1980; Markow 1981 Markow , 1991 Krebs and Markow 1989) . Both environmental (Etges 1992; Brazner and Etges 1993) and genetic (Koepfer 1987a (Koepfer , 1987b Krebs 1990; Etges 1998) determinants of sexual isolation among populations of D. mojavensis have also been uncovered, helping to resolve the causes for this case of incipient speciation. Adult epicuticular hydrocarbon variation, particularly the relative abundance of C 35 and C 37 alkadienes, was suggested to be correlated with male mating success . However, the role of other hydrocarbon components, alone or in combination, that are specifically involved during courtship or in species recognition has yet to be documented. Hydrocarbon expression, like behavioral isolation and mate discrimination, is influenced by larval-rearing substrates (Stennett and Etges 1997) , so assessment of host plant-induced variation in hydrocarbon production was also included in this study. If variation of epicuticular hydrocarbon-related cues is part of a recently diverged male-female signaling system (Butlin 1995; Butlin and Tregenza 1998) , then it is essential to assess the role of these pheromones together with previous analyses of behavioral isolation. Such integrative study will help to identify the causes of divergence, an essential step in understanding species formation.
The phylogeny and ecology of D. mojavensis is well established. The range of D. mojavensis is divided by the Gulf of California, isolating the ancestral Baja California populations from the derived mainland Mexico and Arizona populations in and around the Sonoran Desert. Several more isolated populations are located in the Mojave/ Colorado Deserts in southern California and northwestern Arizona associated with barrel cactus Ferocactus cylindraceous, and a population is known from Santa Catalina Island, California, that uses Opuntia demissa. Pitaya agria cactus Stenocereus gummosus is the main host plant in Baja California and in a small area in coastal Sonora. Organ pipe cactus Stenocereus thurberi is used by all of the other mainland populations, with occasional use of sina cactus Stenocereus alamosensis in southern Sonora and Sinaloa (Heed and Mangan 1986; Ruiz and Heed 1988) . Formation of the Baja California peninsula is thought to have split the ancestral lineage of D. mojavensis and the ancestor of its sibling species Drosophila arizonae, allowing D. mojavensis to speciate in isolation in Baja California and D. arizonae to form on the mainland (Ruiz et al. 1990; Wasserman 1992) . Abundant inversion polymorphisms in D. mojavensis are now largely restricted to Baja California, where a rare ancestral gene arrangement has been located, further reinforcing the view that Baja California populations are ancestral to all others (Etges et al. 1999) . The preferred host (Newby and Etges 1998) , agria cactus, is most abundant there, suggesting that D. mojavensis colonized the mainland by switching to organ pipe, sina, and barrel cacti, all present in Baja California but not used as hosts there (Heed 1982) . The derived organ pipe cactususing populations have undergone substantial life-history evolution in response to this host plant switch (Etges and Heed 1987; Etges 1989 Etges , 1990 Etges , 1993 Etges and Klassen 1989) . Thus, range expansion has been accomplished by host switching, and in isolation, adaptation to new hosts has caused divergence in mating behaviors (Etges 1998) , providing a framework for study of the early stages of speciation.
In this study, we experimentally manipulated hydrocarbon profiles and demonstrated that these compounds have pheromonal activity. We assessed epicuticular hydrocarbon variation in six Baja California and five mainland Sonora and Sinaloa populations cultured on both agria and organ pipe cacti in the laboratory to assess the degree of geographic variation in these contact pheromones. Hydrocarbon profiles showed significant differentiation between Baja California and mainland populations and were influenced by rearing substrates in sex-specific ways. For several hydrocarbon components, sexual dimorphism in hydrocarbon quantities shifted from Baja California to the mainland. We also analyzed hydrocarbon profiles of three Mojave Desert populations of D. mojavensis, revealing significant geographic variation in comparison to Baja California and mainland Mexico populations.
Material and Methods

Origin of Stocks
All Drosophila mojavensis used in this study were collected from natural populations by sweep-netting wild adults 
Experimental Alteration of Hydrocarbon Profiles and Mating Success
Hydrocarbon-transfer ("perfuming") procedures (Coyne et al. 1994; Blows and Allen 1998; Savarit et al. 1999) were used to reveal the effects of transferring mainland epicuticular hydrocarbons (EHCs) to Baja adults on patterns of mating success. Because Baja flies possess significantly less C 32.63 , C 34.59 , and C 36.5 alkadienes (Stennett and Etges 1997) , any increases in these components in these "target" adults should be detectable by gas chromatography. All stocks were cultured in an incubator programmed for 27ЊC during the day and 17ЊC at night on a 14L : 10D cycle on banana food (Brazner and Etges 1993) in 8-dr shell vials. These conditions should accentuate behavioral isolation, making these tests conservative, that is, removing premating isolation by altering EHC profiles should be more difficult than if the flies had been reared on cactus. All flies were separated by sex at eclosion and held in the incubator until sexually mature (8-10 d) before the perfuming assays were performed. Two perfuming assays were performed with different sets of mainland and Baja populations using different marking techniques (assays 1 and 2). A third assay was conducted where EHC extracts were directly transferred onto Baja males to assess hydrocarbon influences on mating success.
Assay 1. For each courtship trial, 15 sexually mature Baja adults (stock A984; see table 1) were marked by dusting with fluorescent powder (Radiant Color, Richmond, Calif.) and housed with either 40 mainland (A991) or 40 Baja (control) adults in a 4-cm 3 space in a food vial for 5 d in the incubator described above. Groups of these 15 perfumed adults were then used in mating trials described below.
Assay 2. For each trial, 15 sexually mature Baja adults (stock A979) were marked by punching a small hole in the second posterior wing cell and perfumed with mainland (A991) or Baja adults (A979) as described above. Each group of 15 adults was then either frozen for gas chromatography or marked with fluorescent powder in preparation for mating trials the following day. This technique allowed easier identification of marked flies and a "rest period" before the mating trials designed to minimize any possible side effects of perfuming.
Assay 3. Epicuticular hydrocarbons of 75 or 100 sexually mature adults of either a Baja (control) or mainland population (A991) of D. mojavensis were extracted in Biosil (Sigma-Aldrich, St. Louis) minicolumns and evaporated under a stream of nitrogen (see below). Each extract was then redissolved in ∼10 mL of hexane and evaporated at the bottom of 8-dr shell vials. Groups of 30 mature Baja adults (A979) were enclosed at the bottom of these vials with a sponge cork into which a small cup containing lab food was inserted, allowing the adults to feed ad lib. The sponge cork was pushed into the vial leaving a 4-cm 2 space for the flies in direct contact with the dried extracts. After 5 d of exposure, each group was split into groups of 15 flies; one was frozen for gas chromatography (GC) analysis, and the other was marked with fluorescent powder and allowed to rest overnight before the mating trials.
Behavioral Isolation Tests
Multiple-choice mating trials were used so that all results with perfumed adults could be compared to earlier studies. We recorded the number of copulations among groups of 15 Baja virgin males and females (perfumed and nonperfumed) combined with 15 mainland males and females in a plastic petri dish containing a piece of filter paper moistened with fermented cactus juice. Two of these mating chambers were observed early in the day for an hour in a darkened room. Dust colors were alternated between trials, and all copulating pairs were followed for several minutes to avoid inclusion of pseudocopulations in the data set. Since female D. mojavensis remate about every 24 h (Markow 1982 ), all matings were of different females.
Behavioral isolation was estimated using Yule's (1912) V index because it provides better unbiased estimation, increased statistical power, and reduced Type I error than other indices (Gilbert and Starmer 1985) . Statistical significance of Yule's V was evaluated using
Differences in male mating propensity were assessed using
and the variance of , k
N where N is the total number of observed copulations, n 11 is the number of copulations between females and males from population 1, n 12 is the number of copulations between females of population 1 and males of population 2, and so on from Zouros and d'Entremont (1980) . If male mating propensity is equivalent between populations, . k p 1
Husbandry and EHC Protocols
The 11 populations from Mexico were cultured on fermenting cactus tissues after ∼5 mo in laboratory culture using established procedures (Etges 1992 (Etges , 1998 . Two replicate cultures of each cactus type were started for each of the 11 populations of flies and cultured in an incubator programmed as above. All eclosing flies were collected every day from each culture bottle, separated by sex, and aged on lab food in vials in the incubator described above for at least 12 d because EHC amounts increase until adults are 8-10 d old ). The EHCs were extracted from counted groups of aged females and males (usually 20-30) in Biosil minicolumns. Each column consisted of a Pasteur pipette that contained packed glass wool and Biosil (silica gel, Sigma S-4133, Sigma-Aldrich, St. Louis) washed several times with HPLC-grade hexane. Flies were then added and washed in 8 mL of hexane, and the hydrocarbons were collected in hexane-rinsed vials. After the hexane was evaporated with nitrogen, each sample was sealed and stored at Ϫ20ЊC. Each hydrocarbon sample was redissolved in hexane (2.5 mL per fly) containing 385 ng docosane (C 22 ) mL Ϫ1 as an internal standard. One microliter of each sample was analyzed by capillary gas-liquid chromatography using a Shimadzu G14 (Shimadzu Scientific, Columbia, Mo.) fitted with a 30-m DB-1 fused-silica column. Injector and detector temperatures were set at 345ЊC with the injector port in split mode. Running temperatures started at 200ЊC and increased to 345ЊC at 10ЊC min Ϫ1 , holding at 345ЊC for 7 min (Stennett and Etges 1997) . Two subreplicates of each replicate culture of flies grown on each rearing substrate were analyzed.
Statistical Analyses
The EHC amounts were estimated by analysis of peak integrations using EZChrom software (Scientific Software 1992) provided by Shimadzu. Replicate groups of flies were analyzed together, rather than performing single fly extractions, because we were most interested in sex, population, and region-level differences. Such grouping should not bias estimation of mean squares. All data were expressed as nanograms per fly of EHCs and were analyzed with population, rearing substrate, and sex as main effects and all interactions between main effects. Population, replicates, and all interactions with population were considered random effects. The TEST command was used in the RANDOM statement to generate the appropriate F ratios and adjusted degrees of freedom using Satterwaite's approximation (SAS Institute 1989). Both nested ANOVAs, with populations nested within regions, and ANOVAs of either Baja or mainland populations were included to assess some of the higher-order interaction terms. A principal-components plot was constructed (PROC PRIN-COMP; SAS Institute 1989) to assess hydrocarbon variation among mainland, Baja California, and Mojave Desert populations based on the 202 replicate means for the laboratory-rearing experiment grouped by sex in order to help visualize overall structure of the 23 EHCs studied.
Before hexane extraction, thorax length (the distance from the anterior margin of the thorax to the posterior tip of the scutellum in lateral view) of three adult flies of each sex from each replicate culture was measured to the nearest 0.0001 mm at #25 using the JAVA video image analysis system (Jandel Scientific, Corte Madera, Calif.). Parametric correlations between hydrocarbon amounts and adult thorax size were calculated to assess possible influences of adult body size on hydrocarbon composition. Significance of the associated probability values was calculated using a sequential Bonferroni adjustment (Rice 1989) .
Results
Epicuticular Hydrocarbon Caused Differences in Mating Success
Amounts of the three diagnostic alkadienes from mainland females were transferred to Baja females, but premating isolation (Yule's V) was unaffected in comparison with the controls (table 2, rows 1, 2, 5, and 6). However, greater alkadiene transfer to Baja males significantly altered the numbers of copulations observed, eliminated premating isolation, and significantly increased Baja male mating propensity as compared to the controls (Zouros's if k p 1 mating propensity is the same among strains). However, the number of control copulations decreased (row 2 vs. 4), which might have been due to perfuming per se or some uncontrolled behavioral variation in the flies. Comparing control and experimental treatments, mainland EHC transfer to Baja males enhanced their mating success as these trials were run side by side. However, there were fewer numbers of matings involving unperfumed mainland flies (rows 3 and 4), so we suspected that the decreased number of matings in these trials was due to some uncontrolled experimental error.
This prompted us to repeat these trials (table 2, rows 5-8). In the trials, perfuming Baja females increased the numbers of copulations observed with mainland and Baja males, although the number of mainland homotypic matings was lower than in the controls (row 6). For males, the numbers of copulations of perfumed Baja males and stock mainland females almost doubled from those seen in the controls (47 vs. 27). Diminished copulation success in the controls (table 2, rows 1-4) was not observed. Thus, one or more of these alkadienes directly influenced Baja male mating success with mainland females. Other more subtle hydrocarbon effects may also be involved, but they were not detectable under these conditions.
Perfuming Baja males in vials coated with dried mainland EHC extracts did not result in as much EHC transfer (table 3) as in the assays with live mainland flies (table  2) . However, the number of perfumed Baja males that copulated with mainland females almost doubled as compared to controls (29 vs. 17; , Fisher's exact test), P ! .05 which was similar to the results in table 2. There were no differences in EHC amounts transferred between the 75 and 100 adult extract treatments (all ). Although the P 1 .3 numbers of mainland homotypic matings were again lower than expected, this significant increase in copulations by perfumed Baja males demonstrates that EHC extracts have pheromonal activity.
Epicuticular Hydrocarbon Variation in Cactus-Reared Flies
We estimated amounts of 23 EHC components ranging in size from C 29 to C 39 for all flies in this study. These components were the same as those described in Stennett and Etges (1997) and Toolson et al. (1990) with the following exceptions: we included the two adjacent C 33 peaks with retention times slightly less than 31-methyldotricont-8-ene (C 32.47 ), three C 34 components, an additional C 35 -branched alkene, and both C 37 alkadienes, and we excluded the C 34.73 alkene because we could not reliably score this peak in all samples. Identification of most of the remaining hydrocarbon components has been completed (Etges and Jackson 2001) . Nested ANOVAs for the 21 components that showed variation due to sex, substrate, or geography are available from W. J. Etges and in the appendix of the online edition of the American Naturalist, and observed amounts of the 12 most abundant components are compared in figure A1 in the online appendix . A summary of ANOVA results is shown in table 4.
Geographic Variation in Hydrocarbon Abundance
Thirteen of the 23 hydrocarbon components differed in abundance between Baja California and mainland populations shown by the significant "Region" term in the ANOVAs (appendix). There was remarkable consistency in the qualitative differences between amounts of C 32.63 and C 34.59 alkadienes between mainland and peninsular populations as shown in Stennett and Etges (1997) . Further, this pattern also holds for amounts of the C 36.5 alkadiene component that was previously unreported (fig. A1 ). These differences are likely to be genetic and suggest that these EHCs share a common biosynthetic pathway . Total hydrocarbons per fly did not vary geographically. Only three of the C 37 components and the C 38 -branched alkene varied between populations within regions, suggesting that most of the geographic variation is broadscale and consistent among these mainland and Baja California populations of Drosophila mojavensis (appendix).
Variation due to Sex
A majority (16 of 23) of the major epicuticular hydrocarbon components in D. mojavensis differed in amount between males and females (table 4). Most remarkable, however, were the significant sex-by-region interaction terms observed for eight components. These included the C 32.70 alkadiene, C 32.79 alkene, C 35 alkene, C 36 alkene, C 37 -branched alkene, C 36.5 and C 36.6 alkadienes, and C 36.7 alkene (table 4). Seven of these components were among those that differed between sexes, and the C 37 dienes were implicated in male mating success by Markow and Toolson (1990) . Sex-by-region interaction terms in this study imply that sexual dimorphism in epicuticular hydrocarbon amounts is region specific; that is, Baja California and mainland populations are characterized by alternate malefemale hydrocarbon cues.
Variation due to Cactus Substrates
Only a few differences in hydrocarbon amounts were due to rearing on agria versus organ pipe substrates, notably in amounts of the abundant C 36.6 alkadiene. Here, agria caused relatively lower amounts of this hydrocarbon in mainland flies and greater amounts in Baja flies, causing a cactus-by-region interaction (appendix). Amounts of one of the C 34 components and the C 38 alkene were marginally affected by cactus. Substrate-induced shifts in differences of EHC amounts between male and females were apparent in the nine cases where sex-by-cactus interaction terms were significant (appendix). These cactus-induced shifts should be rare in natural populations because D. mojavensis typically use only a single cactus host per location (Heed and Mangan 1986; Etges et al. 1999 ). Organ pipe cactus decreased hydrocarbon amounts in males and increased amounts in females relative to agria-reared flies consistent with previous results (Stennett and Etges 1997) . Most of these sex-by-cactus interactions were rather small, particularly for those hydrocarbons that differed greatly between sexes (C 32.79 alkene, C 34 alkene, C 36.6 alkadiene, C 36.7 alkene, and C 38 alkene).
Epicuticular Hydrocarbon Variation in Mojave Desert Flies
Two replicates of each sex (20 adults each) from the Providence Mountains revealed a shift toward shorter chainlength hydrocarbons as compared to both Baja and mainland Mexico populations (data available from the authors). In particular, these barrel cactus breeding flies possessed approximately twice the amounts of 2-methyloctacosane (C 28.65 ), around 20% of total hydrocarbons, than the other populations surveyed (Stennett and Etges 1997) . Amounts of the C 34.59 and C 34.66 alkadienes ranged from 29.4% in females to 34.1% in males of total hydrocarbons, also less than in Baja and mainland Mexico populations. Total C 37 hydrocarbons constituted only about 2% of total hydrocarbons. Notably, the three large C 32.63 , C 34.59 , and C 36.5 alkadiene peaks, which distinguish all mainland Mexico populations from those in Baja California, were present in the Providence Mountains flies as well as in the samples from the Anza-Borrego Desert and near Havasu City, California (table 1) . These fixed differences suggest a closer affinity of the Mojave Desert populations with those in mainland Mexico, a clear conflict with interpretations based on patterns of chromosomal similarity (see "Discussion").
Principal Components Analysis
The first three principal components accounted for 84.7% of the variation in the data, including two replicates each of wild-caught males and females from the Providence Mountains site in the Mojave Desert. A plot of the first three principal components (PC) revealed three distinct groupings separated by sex ( fig. 1) . The PC I and II clearly separated the mainland and Baja populations from the Mojave population, and PC III separated males from females. Inclusion of the Providence Mountains sample is problematic because these were wild-caught flies and may not be directly comparable to laboratory-reared adults. However, this is the only recent sample of D. mojavensis from southern California that has been assessed for EHC variation.
Body Size and EHC Amounts
Variation in thorax size, an index of adult body size, was most strongly influenced by geographical region and sex ( fig. 2; table 5 ). Sizes of these cactus-reared flies were comparable to those of wild-caught adults (Etges 1992) : females are larger than males, and mainland adults typically exceed Baja adults in body size. Almost all withingroup (sex and region) correlations were positive indicating that larger flies tend to have more hydrocarbons, but this relationship was rarely significant (results available from the author). Therefore, the sex-specific differences in hydrocarbon components ( fig. 1) were not just a consequence of body-size dimorphism.
Discussion
Incipient speciation between peninsular and mainland Sonora populations of Drosophila mojavensis has been the focus of study for over 25 yr, ever since Zouros and d'Entremont (1974) first described premating isolation between geographically isolated populations. Together with the data of Markow and Toolson (1990) , the hydrocarbon transfer results (tables 2, 3) demonstrate that EHCs are involved in patterns of mate choice among populations of D. mojavensis, revealing the role of these contact pheromones in premating isolation between populations. These results are somewhat preliminary because we have yet to identify specific EHC components, alone or in combination, that are responsible for the patterns of mating success. Clearly, transferring those mainland-specific EHCs to Baja males significantly increased their courtship success with mainland females. Epicuticular hydrocarbons are thus considered part of the mate recognition system driving premating isolation among geographically isolated populations.
The degree of geographic differentiation of a majority of epicuticular hydrocarbons and the observed regionspecific differences between males and females as revealed by the eight significant sex-by-region interaction terms are unknown in other species. While Toolson et al. (1990) first suggested a relationship between variation in male C 35 /C 37 alkadiene ratios and premating isolation, these ratios proved to be inconsistent over different substrate types (Stennett and Etges 1997) . This study confirms that the regional differentiation in this male-female signaling system causes the observed behavioral isolation between Baja California and mainland Sonora, Sinaloa, and Arizona populations (Wasserman and Koepfer 1977; Zouros and d'Entremont 1980; Markow 1981; Krebs 1990; Etges 1998) .
This pheromonal system may be complex as several of the major hydrocarbon components differ in amounts between males and females. In other Drosophila species, such as Drosophila erecta, Drosophila melanogaster, Drosophila sechellia, and Drosophila pallidosa, males and females possess single, sex-specific hydrocarbons (Antony and Jallon 1982; Jallon and David 1987; Nemoto et al. 1994) . In insects such as Musca domestica (Blomquist et al. 1984) , Blatella germanica (Schal et al. 1994) , and Glossina tachinoides (Carlson et al. 1998) , females manufacture a single pheromonal cuticular hydrocarbon. Drosophila virilis males respond to at least four female hydrocarbon components, (Z)-11-pentacosene, (Z,Z)-5,13-pentacosadiene, (Z,Z)-5,15-pentacosadiene, and (Z,Z)-7,15-heptacosadiene (Oguma et al. 1992a (Oguma et al. , 1992b . Most of the cuticular hydrocarbons in three Hawaiian picture-winged Drosophila species, Drosophila adiastola, Drosophila setosimentum, and Drosophila peniculipedis, are sex specific (Tompkins et al. 1993) , and multiple hydrocarbons are involved during mating in Drosophila birchii and Drosophila serrata (Blows and Allen 1998; Higgie et al. 2000) . Individual hydrocarbon components in D. mojavensis need to be synthesized and used to determine which ones, alone and in combination, have the greatest pheromonal activity.
Thus, there is a spectrum of species-specific variation in single versus multiple hydrocarbon cues used during courtship or in species recognition in insects studied so far. Such variation suggests further scrutiny of hydrocarbon cues in relation to the strengths of other aspects of mate-mate communication, such as courtship behavior and song, and perhaps comparison of related species in a phylogenetic context. Mating songs are quite distinctive among the three D. mojavensis cluster species (Drosophila arizonae, D. mojavensis, and Drosophila navojoa; Ewing and Miyan 1986) , and there are mating-song differences between peninsular and mainland populations of D. mojavensis (Byrne 1999) . The causes for these species differences are of great interest for understanding how mate recognition systems evolve, yet D. mojavensis is one of the only species studied so far that has been used to show how natural rearing substrates influence adult EHC composition and courtship behavior (Etges 1992; Brazner and Etges 1993; Stennett and Etges 1997) . In addition to temperature-induced effects on C 35 and C 37 alkadienes Reidy et al. 1991) , these studies suggest a significant environmental component in the expression of adult EHCs in D. mojavensis that has been rarely characterized in other species. Rearing on agria cactus caused increases in hydrocarbon amounts in males and decreases in amounts in females relative to organ pipe cactus, causing significant sex-by-cactus interaction terms in the ANOVAs (appendix) for nine EHC components as well as for total hydrocarbons per fly. This result strongly suggests that these hydrocarbons may be responsible for the observed reduction in premating isolation between mainland and Baja California adults when reared on agria tissues (Brazner and Etges 1993; Etges 1998) . In several cases, this shift was rather small in comparison to the average difference in hydrocarbon amounts between sexes, for example, C 32.79 alkene, C 34 alkene, C 36.6 alkadiene, and C 38 alkene, but the overall effect was strong enough to cause cactus-specific differences in total hydrocarbons per fly between the sexes.
The divergence in epicuticular hydrocarbon composition of the Providence Mountains population may help to shed light on the origins of present-day population structure and host plant use in D. mojavensis. Sharing of the three diagnostic mainland Mexico C 32.63 , C 34.59 , and C 36.5 alkadienes implies closer phylogenetic affinity of the Mojave Desert populations with mainland Mexico populations than with Baja California populations. Although first named as a subspecies of Drosophila mulleri (Patterson and Crow 1940) for a type locality now known to be a peripheral isolate, D. mojavensis are patchily distributed west of the Colorado River in southern California and in the Grand Canyon, Arizona, they are associated with California barrel cactus Ferocactus cylindraceous as first described by Spencer (1941) . Based on genetic, host plant preference and biogeographical data, these southern California and Grand Canyon populations were thought to be derived from nearby Baja California populations (Etges et al. 1999) . All southern California populations, including the Opuntia-breeding Santa Catalina Island population and the Grand Canyon populations, are homozygous for the ST second-chromosome gene arrangement (Ruiz et al. 1990 ). Most mainland Mexico populations, including several peripheral isolates in southern Arizona, are fixed for a derived second-chromosome gene arrangement (LP). South-central Baja California populations are ancestral to all others, as suggested by phylogenetic analysis of these inversion polymorphisms (Etges et al. 1999) . Thus, the similarity in hydrocarbons between mainland Mexico and Mojave Desert populations represents a conflict in the accepted pattern of host use and genetic population structure in D. mojavensis.
In the initial stages of speciation, mate recognition systems may diverge rapidly. The relative importance of cuticular hydrocarbon variation, sexual selection, and changes in mating songs has yet to be elaborated, except for the observation here that intraspecific variation in hydrocarbon variation in D. mojavensis evolved without major shifts in mating songs. Among closely related Drosophila species, song differences seem to be species specific (Ewing and Miyan 1986) and can evolve rapidly enough to be of little use phylogenetically (Gleason and Ritchie 1998) . The stepwise sequence of events that evolves in the early stages of reproductive divergence can best be revealed within and between closely related species within an ecological and phylogenetic context. The need for identifying the relative importance of mating songs, behavioral preferences, and epicuticular hydrocarbon variation within incipient and sibling species makes D. mojavensis and D. arizonae an excellent system in which to determine the pattern of evolution in mate recognition systems.
